The anisotropic yield criterion first posed by Hill has been modified to account for differences in tensile and compressive yield strengths in a given direction; additionally, the influence of hydrostatic pressure on yielding is also considered. Predictions using this new criterion are compared with published experimental results involving oriented polymers and excellent agreement is found. It is suggested that this criterion is more correct on fundamental grounds than those put forth in earlier publications.
Introduction
The macroscopic yielding behaviour of isotropic polymers has been studied during recent years by various authors [1] [2] [3] [4] [5] and from those publications have come different phenomenological yield criteria. A detailed comparison of those studies was made by Raghava [6] and a subsequent publication [7] supports the stand that the criterion proposed in [5] predicts more realistically the yielding behaviour of polymers under increasing hydrostatic pressure than do others [1] [2] [3] [4] . There is, however, unanimous agreement among all of the aforementioned investigators that the yield behaviour of polymers is influenced by the magnitude of the mean normal stress (i.e. the behaviour is "pressure sensitive").
Fewer studies have been carried out in regard to the yield behaviour of anisotropic polymers. The work of Brown et al [8] , Rider and Hargreaves [9] , Rawson and Rider [10] , and, most recently, Shinozaki and Groves [11 ] are typical. Hill's "anisotropic" yield criterion [12] has been used [8] [9] [10] as a basis from which to explain the experimental results but a modifying parameter (denoted as a~ or axx), had to be included to produce a reasonable correlation. This parameter was denoted as a "Bauschinger" term and was considered to account for the effect of "internal" stresses developed during the orientation process that produced an anisotropic material. Rawson and Rider [10] noted that this term was not an arbitrary parameter but was 9 1973 Chapman and Hall Ltd. 5 related to the yield strengths in tension and compression for a particular direction in the oriented sheet used by them.
Hill's basic criterion [12] does not include linear terms since no Bauschinger effect is assumed thus, in any angular orientation, the tensile and compressive yield strengths are equal in magnitude. Another implicit condition relates to the assumption that there is no change in plastic volume during deformation. Neither of these assumptions is valid for polymeric solids [1, [8] [9] [10] [11] , so one should not expect the Hill criterion to find direct application with such solids unless modifications are made. Now the use of an "internal" stress term [8] [9] [10] may satisfy one of these assumptions but the improved correlation that results between experiment and this modified theory is perhaps fortuitous at best and a fudge factor at least. This was recognized apparently by Rawson and Rider [10] who modified an earlier suggestion [4] but they were not fully successful.
What is crucial here is that a yield criterion for anisotropic polymers must account directly for differences in tensile and compressive yield strengths and accommodate changes in plastic volume if it is to satisfy observed evidence. The criteria proposed to date [8] [9] [10] [11] do not. This paper uses as a starting point the pressuredependent criterion proposed for isotropic polymers [5] [6] [7] and by adapting this to a Hill type of approach, leads to a proposed criterion that seems more direct and more fundamentally sound than any put forth to date. Agreement with results already published in the literature [10, 11 ] is excellent.
Development of the suggested anisotropic yield criterion
To most readily explain the rationale behind the proposed end result, first consider the yield criterion that really forms the starting point for this whole discussion. This is the criterion most widely attributed to yon Mises and applies to isotropic solids that exhibit no Bauschinger effect and whose yield behaviour is unaffected by the magnitude of the mean normal stress (i.e. the superposition of a hydrostatic stress does not influence yielding). One form is expressed as,
In Equation 1 , the yield strength, u is assumed equal in tension and compression. Raghava et al [5] [6] [7] have proposed a criterion for isotropic but pressure sensitive solids (such as polymers) which is a modification of Equation 1 ; where the various parameters depend upon the absolute values of tensile and compressive yield strengths in the three reference directions. These are, C~, C~ and C~ (compression) and T~, T~ and T, (tension). The parameters are,
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Certain special cases may be noted using Equation 4 and the relations given in Equations 5 and 6. These are: can be viewed as a more universal criterion from which other, more widely used criteria may be developed because of particular relationships of pertinent property values.
Consider a stretched or rolled sheet of polymer from which the compressive and tensile properties are to be investigated for various orientations with respect to the oriented direction (taking x, y, and z in the same context as described under Equation 3). Standard strip tensile specimens, cut at an angle 0 to the "x direction" would be subjected to a stress, a, at which yielding occurs. (Note a parallel description applies to compression tests.) For such tests, cr~ = 1-~z = T~ = 0 (7) and such that at the onset of yielding in the "0 direction", ~ -=--c, cos 2 0 (8) c% = ~sin 2 0 -rx~ = -or sin 0cos 0. Now, once the various parameters are determined using the relations shown in Equations 5 and 6, and (N -H) is determined as discussed below, Equation 10 is a quadratic equation which for a given value of 0 will generally predict two roots of opposite sign and different magnitude (note the positive root is tensile and the negative is compressive). In this way, theoretical curves for tensile yield stress and compressive yield stress as functions of 0 will result and can then be compared with experimental findings. Before doing this, there is one very crucial point that must be made clear. From Equation 5 it may be noted that, 
2H -C=T~ + C~T~
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"7"Xy thus, one can conclude that 2(N-H), which itself is based upon a series of property values that are "constant" in a given sheet, must be a unique parameter. Since Equation 10 yields different values for 2(N -H) for variations in 0 if the tensile and compressive yield stresses are not numerically equal, it may be concluded that only one condition will provide the unique value of 2(N -H). This is satisfied where, *Exceptions have been noted; see e.g. [13] [14] [15] .
A trivial solution occurs when cr = 0, so we conclude that Equation 13 must be satisfied when,
This value of 0 occurs where the absolute values of the tensile and compressive yield stresses are equal. In ending this discussion it may be noted that the above considerations do not enter if one uses the usual form of the Hill criterion since as may be seen from Equation 9 , no linear terms involving ~ exist.
Comparison of theory and experiment
From reference [11] , where a series of tensile and compressive stress-strain curves are given for various 0 in a sheet 0fbriented polypropylene, we have selected pertinent information. As explained elsewhere [5] , we would prefer to define a "yield stress" by the use of a consistent offset rather than sometimes using deviations from linearity and other times using the maxima in the load curves. Without accurate raw data, however, we have been forced to do the following. 1. Where a decided load maximum was obvious, the corresponding stress (note this is a nominal and not a true stress) was selected as the yield stress.
2. Where a distinct load maximum was not present, the back-extrapolation method (see e.g. Fig. 3b of [10] ) was used. To avoid any confusion, Table I lists the values of tensile and compressive yield stress as a function of 0 which we have chosen from [11 ] . As this angle is so close to 45 ~ and as the accuracy of K~ and Kg is a little dubious because of difficulty in accurately establishing the various "yield stresses", we will for simplicity use the 45 ~ value to determine 2(N -H). From Table I , the equivalent value of tensile yield is 4.5 and it must, of course, be assumed that this same absolute value applies to the compressive yield which was not actually measured. Table I are included and the agreement is seen to be excellent.
From the paper by Rawson and Rider [10] , which involved oriented polyvinylchloride, their 
Discussion
Shinozaki and Groves [11 ] have suggested that a "three-part" criterion (owing to Kelley and Davies and used in composite work) might be appropriate for their findings in connection with tensile yield stress. However, they did not suggest how one could handle the prediction of compressive yield stress. We suggest that the excellent correlation seen in Fig. 1 supports our contention that the criterion expressed by Equation 4 as reduced to Equation 10 is quite adequate for the type of pressure-dependent solids being considered here. Similar comments apply regarding the correlation seen in Fig. 2 . Although in the paper by Rawson and Rider [10] they show a good correlation of experiment with prediction, we would point out that the equation they use for predictive purposes uses a value for a~ which seems incorrect according to their own definitions. No such parameter enters into our analysis.
Conclusions
A yield criterion for use with anisotropic polymeric solids has been shown to provide excellent correlation with published experimental data. Since it accounts for pressure dependency of yield behaviour, it seems to be more fundamentally sound than those proposed in earlier studies.
